Aim :
Linseed is a multipurpose crop known for oil, fibre, paper, wax and nutraceuticals. Indian subcontinent is a center of origin and domestication for this crop and therefore it is imperative to study the existing genetic diversity among Indian/exotic germplasm accessions.
Total 191 accessions of linseed germplasm were evaluated in Augmented Block Design with three check varieties Rashmi, Surabhi, and RLC76 randomized in 7 blocks consisting of 27 accessions each. Descriptive statistics, Principal component analysis (PCA) and Ward's agglomerative hierarchical clustering were done using SAS software. Correlation matrices were generated using R.
Wide range of phenotypic expression for important agro-morphological traits was observed in linseed germplasm. PCA identified days to flowering, plant height, thousand seed weight, seed weight and number per boll, seed yield and seed size as the most important traits responsible for variation in the germplasm accessions. Custer analysis grouped the accessions under four major clusters which indicated fair association of genetic diversity and geographical diversity. Few trait specific promising accessions such as IC0096539, IC0096496 ( e a r l y f l o w e r i n g a n d maturity), IC0096487, IC0096488 (large boll size), IC0096490 (high oil content a n d b o l d s e e d s ) , IC0054949, IC0054954 (bold seeds),EC0718827 (tall, large corolla), and EC0718835 (high seed yield/plant) were identified with high estimates of heritability for the mentioned traits. SSR profiling of trait specific accessions was done to develop unique molecular identity.
The inter-relationships between the traits suggested that accessions with short flowering and maturity duration, low plant height, large bolls and bold seeds should be given priority in breeding for enhanced yield. Donors for various traits were identified which may be used in future linseed breeding to target yield enhancement and diverse geographical adaptation.
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Vikender.Kaur@icar.gov.in variation present in linseed germplasm based on agromorphological, phenological traits and oil content and to identify superior germplasm accessions that can contribute as potential donors for future exploitation in selection and breeding.
The plant material used in present study comprised 191 linseed germplasm accessions,of which 159 were indigenous collections (IC) assembled from eight different states of India and 32 were exotic collections (EC) from Australia and Argentina. The crop was raised consecutively for two years during the season 2014-15 and 2015-16 at the experimental farm of the ICAR-National Bureau of Plant Genetic Resources (NBPGR), New Delhi, India. The soil of the field is sandy loam to loamy sand with pH 7.5. The maximum and minimum temperature range was between 25.36 and 9.28°C with Relative Humidity ranging from 53.25 to 91.26% during the crop growth period. Average precipitation of 240 mm was received. The germplasm was evaluated in Augmented Block Design (Federer, 1956 ) with three check varieties Rashmi, Surabhi, and RLC76 in 7 blocks. Each block had 27 accessions and three check varieties which were randomized within blocks. Each accession was sown in three rows of 3m row length with 30 x 10 cm spacing. The trait specific accessions were further validated during the year 2016-17 at two locations.
Observations were recorded on 25 traits of which 8 traits growth habit (GH), corolla colour (CC), flower shape (FS), petal aestivation (PA), stamen colour (SC), anther colour (AC), boll dehiscence (BD) and seed coat colour (SCC) were qualitative, while17 traits days to 50% flowering (DF 50%), days to 95% flowering (DF 95%), flower diameter (FD; mm), plant height (PH; cm), no. of primary branches (PB), number of bolls per plant (BPP), number of seeds per boll (SPB), seed weight per boll (SWB, mg), days to 80% maturity (DM), boll size (BS; mm), boll area (BA; mm ), seed length (SL; mm), seed width (SW; mm), seed area (SA; mm ), seed yield per plant (SPP), 1000-seed weight (TSW; g), and oil content (OC; %) were quantitative in nature. NBPGR minimal descriptors and descriptor states for linseed were followed for data recording as prescribed by Mahajan (2000) . Data were collected during both the years from five plants tagged randomly from the middle of rows of each accession to avoid border effect. Few traits such as GH, DF 50%, DF 95%, DM, and SCC were recorded on a plot basis. The Royal Horticultural Society (RHS) color chart was used to determine color. Oil content was determined using petroleum ether as a solvent in Soxhlet extraction system as per AOAC method number 920.58. Seeds from single plant made one replicate and three replicates were evaluated for oil content estimation. BS, SL, SW, SPB, and SWB were recorded as the average of three random samples of 15 bolls from each of the 5 tagged plants per accession. The boll and seed morphometry was done using scanner based GrainAnalysis software (version 1.3).
Materials and Methods

Plant materials and field experiment :
Phenotyping of agro-morphological and phenological traits :
) is a self-pollinated annual crop plant with origin either in the Middle East or the Indian regions (Vavilov, 1951) . Later it was introduced into New World (The Americas) after vast spread throughout Asia and Europe (Soto-Cerda 2013) . Indian subcontinent near the Mediterranean Sea is known to have high biological diversity of genus (Genesar and Morris, 2003; Fu, 2005; Kaur 2017 ). Differential selection for fibre and oil purpose has led to two distinct morphotypes of linseed-flax type and linseed type, respectively. The taller, less branched fiber flax type is grown in the cool-temperate regions of China, the Russian Federation, Western Europe and shorter, more branched, larger seeded linseed type is grown in continental climate regions of Canada, India, United States ofAmerica andArgentina.
The fibre is widely used in linen for textile industry, thread/rope and packaging materials; cigarette paper, currency notes and artwork (Mackiewicz-Talarczyk 2008) . The oil extracted from the seeds has unique drying properties having utility in production of paints, inks, varnish and linoleum flooring (Newkirk, 2008; Czemplik 2011) . Recently linseed has found application as a functional food owing to high omega-3 alpha linolenic acid content (55-57%) and seed lignans having anti-cancerous properties (Bassett 2009; Ragupathy 2011) . Keeping in view of increasing demand of linseed due to numerous health benefits, there is consistent need to increase genetic potential for seed yield. Presently, the total world production of linseed is approximately 2.65 million tonnes, with Canada (34%), the Russian Federation (15%), and China (13%) being the main producers (FAO, 2017) . India is the sixth largest producer in the world with contribution to global linseed area and production 13% and 5.5%, respectively.
Phenotypic and phenological characterization of a crop species based on standard descriptors is effective for better utilization of germplasm through identification of trait specific superior accessions (Diederichsen and Richards, 2003) . From the past, genetic diversity studies in crop plants mostly relied on the evaluation of morphological and agronomic traits (Upadhyaya 2002; Atta-Krah 2004) . Earlier genetic variability assessment studies in linseed based on agro-morphological traits were done by Diederichsen, 2001; Diederichsen 2006; Diederichsen and Fu, 2008; Dikshit and Sivaraj, 2015 and Khan 2013 . The identification of trait specific promising accessions enhances the overall utilization of genebank collections and is fundamental for breeding and conservation of genetic resources. In India, linseed is primarily cultivated in marginal and sub-marginal, rain-fed soils, with meagre or no application of fertilizers and in cultivation by resource poor farmers. Limited competitiveness due to narrow genetic base of released cultivars, cultivation under low input conditions and sensitivity to fungal diseases are the main constraints for low productivity of linseed in India. The present study was therefore, undertaken to analyse the nature and magnitude of genetic Linum usitatissimum et al., Linum et al., et al., et al., et al., et al., et al., et al., et al., et al., utera Genetic diversity study in Indian and exotic linseed germplasmas % of mean as GA (%) = EGA/mean x 100. In addition, Pearson correlation coefficients were computed at P and P and correlation matrices were generated using R.
Semi-erect growth habit was observed for 82% accessions, bushy for 13% and 5% were erect type. Flower shape included disk shaped (178 accessions), star shaped (11 accessions) and funnel shaped (2 accessions). A wide range of variation was recorded with respect to corolla color (CC) ranging from blue, white, violet, purple along with varying tonalities, however blue colored flowers were predominant. Earlier the diversity studies in linseed by Hayes and Immer (1942) and Worku (2015) reported red-violet and pink color corolla accessions which are different from our study. Also we did not score yellow and lavender color petals reported from world core collection of linseed by Diederichsen (2007) . Petal aestivation was semi-twisted in 71% accessions, twisted for 25% and valvate for others. Predominant anther color was cream in 50% accessions followed by blue (24%), yellow (22%) and grey (4%). Only blue and yellow colored anthers were reported by Flax Council of Canada (1996) and Hayes and Immer (1942) , different from the range of anther colors found here, whereas, Diederichsen and Fu (2008) reported three anther colors : white, blue and yellow. Blue stamen color was recorded in 70% accessions in contrast to white in 30%. Stamen color had a narrower range of color than anthers and petals. Seed coat color varied from different shades of brown to yellow, however medium brown (96%) was 0.05 0.01
Results and Discussion
For qualitative traits :
et al.
Genomic DNA extraction and PCR amplification :
Statistical analysis :
Total genomic DNA was extracted using plant genomic DNA isolation kit (Geno Bioscineces). PCR primers for SSR profiling were used as mentioned in Cloutier (2012) . PCR amplification were carried out with initial denaturation step at 95°C for 5 min followed by later denaturation of 35 cycles for 30 sec at 95°C, primer annealing at 52°C for 30 sec, and extension at 72°C for 1 min. Final extension at 72°C for 7 min was followed. The PCR reactions were terminated at 4°C and electrophoresedon 3% metaphor agarose gel (w/v) with ethidium bromide.
Statistical parameters mean, range, variances, principal component analysis (PCA) and Ward's agglomerative hierarchical classification (Ward, 1963) were done using SAS (SAS version 9.3, 2009) . Homogeneity of variances was tested as per Levene (1960) before undertaking statistical analysis on the basis of adjusted pooled mean values. Phenotypic and genotypic coefficients of variation (PCV and GCV) for each trait were computed as PCV = V /mean x 100, GCV = V /mean x 100 as per (Burton, 1952) and categorized the range as per Sivasubramanian and Madhavamenon (1978) . Broad sense heritability was estimated as h (bs) = V /V x 100 (Lush, 1940) and it was further classified into low, medium and high as per Robinson (1996) . Expected genetic advance as EGA = k x V /V x V was calculated as per Johnson (1955) . Here the standard value of k is 2.06 assumed at 5 % selection intensity; V is genotypic variance; and V is phenotypic variance. Genetic advance was expressed Diederichsen and Fu (2008) for mean oil content, however we observed comparatively narrow range of variation in oil content due to small number of accessions under study. Recent studies by Nizar and Mulani (2015) , Dikshit and Sivaraj (2015) indicated good variability for agro-morphological traits and oil content in Indian linseed germplasm.
PCV and GCV were high for SPP, BPP, TSW, SWB, SPB and PH and low for rest of the traits. The heritability was found high (>78%) for SA, SL, SW, OC, DF 50%, BPP, TSW, BS, SPP, SPB and BA, medium for DF 95%, DM, PH and SWB while traits FD and PB were having low heritability ( 30%). Small difference in estimates of GCV in relation to PCV indicates that observed variation is mainly due to genetic factors while larger difference indicates role of environment. The mean GA (%) was high (>20) for SPP, BPP, TSW, SPB, SA, SWB and low or medium for rest of the traits. In studied linseed germplasm, SA, SL, SW, OC, DF 50%, BPP, TSW, and BS showed high heritability in broad sense coupled with high estimates of genetic advance and are predominantly under additive type of gene action. Accessions such as IC0096496, IC0096539, IC0096487, IC0096488, IC0096489, IC00426935, IC0054949, IC0054954, IC0054960, IC0096490, IC0096543 and IC0268345 showed high values for these traits and can be subjected for seed and oil yield gain through simple selection based on phenotypic performance. These characters showed >85% heritability and may be useful for exploiting additive gene action to produce widely adapted genotypes in linseed breeding as also suggested by ; Mirza (2011) and Akbar (2003) . Our results are also in congruence with Ahmad (2014) in linseed and Khan (2007) in sesame who reported high heritability estimation for days to flower initiation, days to maturity, 100 seed weight and seed yield. On the other hand, parameters such as PB, FD, DF 95% and DM showed low estimates of heritability and genetic advance which means that effect of environmental conditions is more on these traits as compared to other traits. These traits are under the influence of non-additive gene interaction and needed to be improved by hybridization.
The matrix developed for correlations among important traits along with correlation coefficients showed positive 2 et al. et al. et al. et al. et al. et al. et al. et al. et al. ˂ predominant. Thus in the present study the most common type of linseed germplasm accessions were characterized by disk shaped flowers with blue corolla, semi-twisted aestivation, indehiscent capsules and brown seed coat color.
General statistical analysis showed wide range of phenotypic expression for important agro-morphological traits such as PH (30.48-100.82 cm), FD (13.00-26.27 mm), PB (5-17), , .47 mg), SPP (1.26-16.00 g), and TSW (2.05-8.78 g) ( Table 1 ). The mean DF 50% were 86, but it ranged from 58 for accession IC0096539 to 110 days for accession EC0718844. Accession IC0096539 having white colored funnel shaped flowers showed early maturity in 102 days whereas early maturing variety Kartika (RLC76) used as check took 118 days for maturation. Another accession IC0096496 showed earliness/short duration with 60 days for 50% flowering and 97 days to attain maturity. Average boll count per plant was 115 while range was 36.83-168.55 for IC0054968 and IC0426935. EC0718845 and IC0267682 had maximum number of seeds/boll (12.93) while IC0054968 had minimum (5.17). TSW, an important yield character, varied extensively from 2.05 g to 8.78 g with an average of 6.38 g. It was more than 8 g for could come from the breeding of an early flowering, short duration, dwarf linseed plant producing bold seeds.
PCA is useful for identification of determinants of quantitative trait variability when a large number of accessions are to be accessed for several characters of morphological and agronomic importance. First five PCs having Eigen value >1.0 contributed 76.33% of the total multivariate variation present in linseed germplasm, 38.51% of which was accounted for in PC1, and 11.37% in PC2 (Table 2) . Both PC1 and PC2 together explained about 50% of total variation through traits such as duration of flowering, flower and seed size, TSW and PH. Consequently, the most diverse accessions could be selected on the basis of these two PCs. Worku (2015) studied diversity analysis in Ethiopian linseed and reported results similar to our study and thus confirmed the independence of some traits. PC3, PC4 and PC5 explained 10.71, 9.14 and et al.
correlation of TSW with SL, SB, SPP, BS and OC and negative correlation with DF 50%, DF 95% and DM (Fig. 1) . Significant positive correlation of boll and seed size with each other and with TSW and OC were found which suggest that selection for bold seeds and larger bolls may favor improvement in seed yield and oil content. Dikshit and Sivaraj (2015) had also reported significantly positive correlation between seed weight and oil content while negative association between DF 50% and TSW. As discussed earlier, most of the indigenous accessions under study were semi-erect or bushy type which are low in height and are oil type in nature is also evident from the negative association of PH and OC. Similar phenotypic correlations among yield-related traits and other agro-morphological traits have been reported in linseed (Adugna and Labuschagne, 2004) , soybean (Panthee 2007) , rapeseed (Honsdorf 2010) and maize (Peng 2011) . The inter-relationships between the traits suggested that further yield improvement . The* and ** indicate correlation significance at P and P levels of probability, respectively. The lower-left panels show the scatter plots. Abbreviations: DF50%, days to 50% flowering; DF 95%, days to 95% flowering; DM, days to maturity; PH, plant height; BS, boll size; SPP, seed yield per plant; SL, seed length; SW, seed width; TSW, thousand seed weight; OC, oil content 0.05 0.01 6.61% variation, respectively and showed greater weightage for DM, PB, OC, BS and BA. Cluster analysis groups large number of accessions into few number of homogenous clusters which in turn facilitates the selection of diverse accessions.The number of accessions fallen under cluster III were highest (92), followed by cluster I (56), cluster II (31) and cluster IV (15) as shown in Table 3 .The mean values of accessions grouped into each cluster showed that cluster IV had accessions which were taller, late flowering and maturing, but with less oil content. Cluster I grouped accessions with more primary branches, boll count and seed yield per plant. Cluster III mainly comprised of landraces of Maharashtra with early flowering and maturing trait coupled with bold seeds and high TSW. The diversity in the present material is also supported by appreciable amount of variation among cluster means for different traits. The maximum differences were observed between accessions under cluster III and IV indicating genetic distance among them due to different genetic constitutions. Hence, divergent parents selected from these clusters can be utilized for obtaining good segregants and yield improvement in linseed. Paul (2016) grouped linseed genotypes in 8 clusters and suggested intercrossing of genotypes from divergent clusters for yield enhancement. Cluster IV was constituted by exotic accessions only while majority of the accessions from Maharashtra grouped under cluster III. The accessions from Bihar, MP, Jharkhand and UP grouped under cluster I, which also had a sub-group of few exotic accessions apart from cluster IV. Thus cluster analysis showed fair association of genetic diversity with geographical diversity. However our clustering pattern do not corroborate the studies of Adugna and Labuschagne (2004) , Nizar and Mulani (2015) and Dikshit and Sivaraj (2015) where
linseed germplasm lines from diverse geographical regions fell apart in the cluster analysis which may happen due to similar genetic constitution of material under study or due to free exchange over the boundaries.
The present study also helped identify trait specific superior accessions, which may be included in linseed breeding program. White flowered accession IC0096539 was identified as early flowering (58 days for DF 50%) and early maturing (102 days for DM) which is significantly earlier than the early maturing variety, Kartika under Delhi climatic conditions. A few accessions were found promising for more than one trait such as IC0096488 for BS, SWB and TSW; IC0096490 for TSW, OC; IC0096489 for BS, SL, SW and TSW. Non-native cultivars showed better performance for PH and FD (EC0718827), SPP (EC0718835, EC0414778), and SPW (EC0718845), however, these were late maturing, tall and prone to lodging. In India, linseed is a low yielding crop which is grown on marginal land under low input conditions, hence above mentioned accessions may play a pivotal role in development of high yielding cultivars suited to diverse agro-climatic conditions.
In order to develop unique identity of trait specific germplasm SSR profiling of early flowering and maturing accessionsIC0096539 and IC0096496 was done using genetically mapped SSR markers (Cloutier 2012) . Nine SSR primer pairs were screened for the identified accessions along with reference variety, Kota barani. As shown in Fig. 2 , SSR markers, Lu2589, Lu1077, Lu3250 and Lu3043 together could easily distinguish IC0096539 and IC0096496 among each other and also from the reference variety. SSR markers have routinely been used for DNA fingerprinting of superior genotypes and diversity studies (Bajpai , 2016; Kumar 2016 ).
In conclusion, present study identified DF 50%, PH, TSW, SWB, SPB, SPP, SL and SB as the most important traits responsible for variation in linseed germplasm. Correlation matrix suggested that early maturity, short height and large seed size should be given emphasis in breeding programs for further enhancement of seed and oil yield. Trait specific linseed accessions identified such as IC0096496, IC0096539, IC0096487, IC0096488, IC0096489, IC00426935, IC0054949, IC0054954, IC0054960, IC0096490, IC0096543, IC0268345, EC0718827 and EC0718835 had high heritability for economically important traits such as duration of flowering, bold seeds, large bolls, high thousand seed weight and oil content. These accessions can be utilized in linseed breeding to gain yield and to produce widely adapted genotypes for the various agro-ecological zones.
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